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The two fundamental types of photoreceptor cells have evolved unique structures to expand the apical
membrane to accommodate the phototransduction machinery, exempliﬁed by the cilia-based outer
segment of the vertebrate photoreceptor cell and the microvilli-based rhabdomere of the invertebrate
photoreceptor. The morphogenesis of these compartments is integral for photoreceptor cell integrity
and function. However, little is known about the elementary cellular and molecular mechanisms
required to generate these compartments. Here we investigate whether a conserved cellular mechan-
ism exists to create the phototransduction compartments by examining the functional role of a
photoreceptor protein common to both rhabdomeric and ciliated photoreceptor cells, Prominin. First
and foremost we demonstrate that the physiological role of Prominin is conserved between
rhabdomeric and ciliated photoreceptor cells. Human Prominin1 is not only capable of rescuing the
corresponding rhabdomeric Drosophila prominin mutation but also demonstrates a conserved genetic
interaction with a second photoreceptor protein Eyes Shut. Furthermore, we demonstrate the Prominin
homologs in vertebrate and invertebrate photoreceptors require the same structural features and post-
translational modiﬁcations for function. Moreover, expression of mutant human Prominin1, associated
with autosomal dominant retinal degeneration, in rhabdomeric photoreceptor cells disrupts morpho-
genesis in ways paralleling retinal degeneration seen in ciliated photoreceptors. Taken together, our
results suggest the existence of an ancestral Prominin-directed cellular mechanism to create and model
the apical membranes of the two fundamental types of photoreceptor cells into their respective
phototransduction compartments.
& 2012 Elsevier Inc. All rights reserved.Introduction
Photoreceptors, the light sensing cells in the retina, have
developed two morphological strategies to expand the apical
membrane to house the phototransduction machinery necessary
to convert photons into neuronal signals, exempliﬁed by the cilia-
based outer segment of the vertebrate photoreceptor cell and the
microvilli-based rhabdomere of the invertebrate photoreceptor
(Arendt, 2003; Gehring, 2004; Lamb et al., 2007). In Drosophila,
the rhabdomere is created by the expansion of the apical
surface (Longley and Ready, 1995; Williams, 1991). In particular,
the photoreceptor apical membrane is sub-divided to contain a
region of thousands of highly ordered actin-based microvilli, the
rhabdomere, and a region devoid of microvilli known as the stalk
membrane. In cilia-based photoreceptors, the membrane discs arell rights reserved.
.generated via a process of membrane evagination followed by
formation of the disk rim around two nascent membrane protru-
sions creating a single membrane disk (Arikawa et al., 1992;
Nilsson, 1964; Steinberg et al., 1980). The cellular basis for both
structures appears to be a reﬁned modeling of membrane protru-
sions. Interestingly, even though the two fundamental types of
photoreceptors may have evolved from common ancestor, it is
not clear whether there are common genetic and molecular
mechanisms within and between each cell type deﬁning their
respective morphological form.
In this study, we investigate whether ciliated and rhabdomeric
photoreceptors employ similar cellular processes for generat-
ing their phototransduction compartments by examining the
functional conservation of a key molecule, Prominin (Maw et al.,
2000; Zelhof et al., 2006), necessary for cell morphogenesis in
both fundamental photoreceptor types. Prominins, two members
each in humans (Prominin1 and 2) and Drosophila (Prominin
and Prominin-like), are evolutionary conserved proteins and
are characterized by the presence of ﬁve trans-membrane
J. Nie et al. / Developmental Biology 371 (2012) 312–320 313domains and two large extracellular loops, and several sites for
N-glycosylation (Corbeil et al., 2001). Prominin1 was ﬁrst identi-
ﬁed as a haematopoietic stem cell marker (Miraglia et al., 1997;
Yin et al., 1997) but further examination of both human and
murine homologs revealed the presence of Prominin1 in both
non-epithelial and epithelial cells in various tissue types
(Weigmann et al., 1997). Regardless of cell type expression, the
outstanding feature of Prominin1 expression is its consistent
localization to various cell membrane protrusions, including both
actin and microtubule generated. With respect to ciliated photo-
receptor cells, Prominin1 localizes to the membrane extensions
that give rise to the membrane discs of the outer segment
phototransduction compartment (Han et al., 2012; Maw et al.,
2000). Furthermore, directed murine knock-out of Prominin1 and
analyses of several inherited human retinopathies have demon-
strated an essential role for Prominin1 in generating and main-
taining the integrity of the photoreceptor cell outer segment
(Kleinman and Ambati, 2008; Maw et al., 2000; Yang et al.,
2008; Zacchigna et al., 2009). In rhabdomeric photoreceptors,
Drosophila Prominin localizes to the tips of the microvilli that
create the rhabdomere and removal disrupts the morphology and
organization of the phototransduction compartment (Zelhof et al.,
2006).
Strikingly, despite its well-characterized expression proﬁle
and potential for gene and stem cell based therapy for retinopa-
thies and cancer, the functional signiﬁcance of the conserved
structural features or overall cellular role of Prominin molecules
is not well understood. In this study, by investigating the
conservation of function within photoreceptors we demonstrate
that the Drosophila and human Prominin homologs are inter-
changeable with respect to promoting the structure and organi-
zation of the phototransduction compartment. Furthermore, our
genetic analysis has revealed a conserved interaction with a
second photoreceptor cell protein common to both types of
photoreceptor cells, Eyes Shut/EYS/Spacemaker (referred here as
EYS) (Husain et al., 2006; Zelhof et al., 2006). Human EYS, like
Prominin1 appears to be critical for the morphogenesis of the
membrane discs of the outersegment and mutations in EYS results
in human retinal degeneration (Abd El-Aziz et al., 2008; Collin
et al., 2008). Moreover, our results promote the idea that the
localization and function of Prominin molecules are not depen-
dent on their intracellular carboxy terminus but rather the
cellular function of Prominins is closely associated with the
extracellular portions of the proteins.Materials and methods
Genetic stocks
The following stocks were used in this study:cn bw, prom1 and
eys1(spam) representing null alleles (Zelhof et al., 2006), Pph13-
GAL4 (unpublished data), GMR-GAL4 and Heat shock-GAL4. For
rescue experiments, the crosses were maintained at 23 1C with
the use of GMR-GAL4 and Pph13-GAL4 and heads were ﬁxed
within 8 h after eclosion. In the presence of both GMR-GAL4 and
Heat shock-GAL4 the crosses were maintained at 23 1C and white
pupae were collected aged for 12 h and then subjected to two
one-hour heat shocks per day at 37 1C and then returned to 23 1C
until eclosion.
Transgenic constructs
A cDNA representing hEYS was constructed from RT-PCR
reactions from total RNA isolated from human retinas (Clonetech
Laboratories, Inc.). All cDNAs (dProm, dEYS, hProm1 (gift fromDr. D. Corbeil), and hEYS) were cloned into pUAST vector
and injected into ﬂies (Rainbow Transgenic Flies, Inc.). The cDNA
rho-dprom consists of the ﬁrst 38 amino acids of bovine rhodop-
sin upstream of the ﬁrst methionine of dProm. Site directed
mutagenesis (QuikChange Lightning Multi Site, Agilent Technol-
ogies) was used to create the N-glycosylation human and Droso-
phila Prominin mutants. The dProm and hProm1 carboxyl
deletions were created by replacing each intracellular domain
with GFP, resulting in the retention of the ﬁrst nine amino acids
after the ﬁfth transmembrane domain.
Transmission electron microscopy, immunoﬂuorescence staining,
and imaging
Adult Drosophila eye samples were prepared for transmission
electron microscopy (TEM) as previously described (Zelhof et al.,
2006). For immunoﬂuorescence staining, pupal retinas were
staged at 23 1C, dissected at 48 h or 84 h APF (after puparium
formation) and processed as described (Zelhof and Hardy, 2004).
The primary antibodies used were: mouse anti-bovine rhodopsin
(anti-rho) mAb B6-30N (1:100) (Adamus et al., 1991); mouse
anti-hProm1 mAb AC133 (1:100) (Miltenyi Biotec); mouse anti-
hProm1 mAb 80B258 (1:100) (gift from Dr. D. Corbeil), and rabbit
anti-dProm (1:100). Rhodamine-conjugated phalloidin (1:200)
(Invitrogen) was used for the detection of F-actin. The FITC
secondary antibodies (1:200) were obtained from Jackson Immu-
noResearch Laboratories. Confocal images were taken on a Leica
TCS SP5, TEM was performed with a JOEL 1010 and all pictures
were processed in Adobe Photoshop.
Cell transfection assays, immunoblotting, and endoglycosidase
digestion
Cell transfection assays were performed as previously
described (Zelhof et al., 2006). Adult Drosophila heads and S2 cell
extracts were prepared as previously described (Zelhof et al.,
2003). The following primary antibodies were used for protein
detection: rabbit anti-dProm (1:500); mouse anti-rho mAb
B6-30N (1:500); mouse anti-hProm1 mAb 80B258 (1:500) and
mouse anti-b-Actin mAb AC-15 (1:500) (Sigma-Aldrich). For
endoglycosidase digestion, the homogenized and sonicated
extracts were denatured and incubated at 37 1C for 9 h in the
presence or absence of PNGase F (Peptide: N-Glycosidase F)
according to the manufacturer’s instructions (New England Bio-
Labs). Signal detection was achieved with use of a HRP-
conjugated anti-mouse or anti-rabbit secondary antibody
(1:2500) (Jackson ImmunoResearch Laboratories) combined with
ECL substrates (Thermo Scientiﬁc).Results
Human Prominin1 functions in rhabdomeric photoreceptors
To explore if shared molecular processes exist between ciliated
and rhabdomeric photoreceptors and whether the cellular role of
Prominin molecules is conserved with respect to the generation of
the phototransduction compartments, we ﬁrst addressed whether
human Prominin1 (hProm1) assembles in the same location as
Drosophila Prominin (dProm) in rhabdomeric photoreceptors. In
vertebrate cells, Prominin1 has the capability to localize to both
actin and microtubule based extensions and in ciliated photorecep-
tors, Prominin1 is restricted to the membrane that produces the
outer-segment discs (Han et al., 2012; Maw et al., 2000). In
Drosophila, dProm localizes to the apical tips of the microvilli that
create the rhabdomere (Fig. 1A–C, Fig. S4A–C) (Zelhof et al., 2006).
Fig. 1. Ciliated human Prominin1 rescues the rhabdomeric prominin mutant. (A–I)
Immunoﬂuorescence localization patterns of wildtype Prominin molecules (green)
and F-actin (magenta) observed at 84 h after puparium formation (APF). (A–C)
rho-tagged Drosophila Prominin (rho-dProm) in a prominin (prom) mutant back-
ground—prom/prom; Pph13-GAL4/UAS-rho-dprom. (D–F) human Prominin1
(hProm1) in a wildtype background—GMR-GAL4/þ; UAS-hProm1/þ . (G–I)
hProm1 in a prom mutant background—prom/prom, GMR-GAL4; UAS-hProm1/þ .
(J–M) Transmission electron micrographs showing cross-section through
Drosophila ommatidium. (J) Wildtype. (K) prom mutant—prom/prom, GMR-GAL4;
þ/þ . (L) Rescue with rho-dProm—prom/prom; Pph13-GAL4/UAS-rho-dprom.
(M) Rescue with hProm1—prom/prom, GMR-GAL4; UAS-hProm1/þ . Numbers
mark the rhabdomeres and arrows indicate the incomplete separation between
rhabdomeres. irs—inter-rhabdomeral space, pc—photoreceptor cell. hProm1 was
detected with mAb AC133 and rho-dProm with mAb B6-30N. Scale bar, 1 mm.
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GAL4 line (Pph13-GAL4) that produces sufﬁcient amounts of dProm
for detection and rescue of a prominin (prom) null allele (Fig. 1A–C, L,
Fig. S4A–C). Pph13-GAL4 is a photoreceptor speciﬁc GAL4 line and
expression is ﬁrst detected 36 h after puparium formation (APF)(data not shown), whereas GMR-GAL4 expression is ﬁrst detected in
the speciﬁed photoreceptors in the third instar eye imaginal disc.
However little hProm1 protein was detected and subsequently fails
to rescue the prommutant (data not shown). Instead by utilizing the
earlier expressed and more potent GMR-GAL4 driver, we ﬁnd the
hProm1 has an indistinguishable conﬁnement to the apical regions
of the developing rhabdomeres from dProm (Fig. 1D–F), indicating
that Prominin transport and anchoring into the plasmamembrane is
analogous in either cell type.
Alternatively, hProm1 could be forming a complex with
endogenous dProm, which in turn is responsible for the correct
spatial positioning. To address this scenario, we examined
hProm1 localization in the prom null background. We observe
no difference in hProm1 distribution. Thus hProm1 alone has the
capability to trafﬁc and insert into the developing rhabdomere
membrane (Fig. 1G–I). This supports the notion that mechanisms
of localization are conserved within the two forms of the protein,
despite their overall low sequence homology, 18% identity and
44% similarity. Next, we investigated whether hProm1 has the
ability to rescue the prom mutant. Indeed, using GMR-GAL4 to
induce hProm1 expression in prom mutant photoreceptors, we
observe an increase in separation of rhabdomeres (Fig. 1M) as
compared to the mutant alone (Fig. 1K and Fig. S1), suggesting
that the cellular role, potential interactors and downstream
effectors of Prominin are present and conserved between rhab-
domeric and ciliated cells, collectively enabling the formation of
the two distinct forms of photoreceptors.
A conserved genetic interaction between Prominin and Eyes Shut
With respect to interactors, the proper separation and stereo-
typical shape of Drosophila rhabdomeres is not only dependent upon
dProm but also dProm’s relation with the secreted extracellular
protein Eyes Shut (EYS) (Zelhof et al., 2006). EYS is a secreted protein
and the primary constituent of the extracellular matrix that sur-
rounds and separates the rhabdomeres. In the absence of Drosophila
EYS (dEYS) there is no inter-rhabdomeral space (IRS) and the
rhabdomeres remain juxtaposed to each other (Fig. 2A) (Husain
et al., 2006; Zelhof et al., 2006) and dProm is required for the proper
distribution of dEYS (Zelhof et al., 2006). The ability of hProm1 to
rescue the Drosophila mutant already implies that the interaction
between these two proteins is maintained in photoreceptors.
Given human EYS (hEYS) also appears to play a critical role in
ciliated photoreceptors (Abd El-Aziz et al., 2008; Collin et al.,
2008), we further explored this possibility by examining whether
hEYS could rescue the Drosophila eysmutant. If human EYS (hEYS)
can fully substitute for dEYS, we would expect to see an extra-
cellular matrix surrounding and separating the rhabdomeres.
Using a combination of GMR-GAL4 and heat shock-GAL4 to
potentially maximize the amount of hEYS produced, we only
observe pockets of inter-rhabdomeral space (IRS) with rhabdo-
meres remaining juxtaposed to each other (Fig. 2B). Signiﬁcantly,
the phenotype is reminiscent of a prom mutant phenotype
(compare Figs. 2B and 1K): an extracellular matrix is present
but does not surround and separate rhabdomeres. Therefore, the
phenotype we observe in our hEYS rescue could be due to the
inability of hEYS to interact with dProm. To test the idea that the
phenotype observed is the result of an absence of an interaction
between hEYS and dProm and, more notably, the hypothesis that
the functional interaction between Prominin and Eyes Shut is
maintained between ciliated and rhabdomeric photoreceptors we
asked whether the presence of both hEYS and hProm1 is sufﬁcient
to separate the rhabdomeres. When both human forms are
present, in the absence of both Drosophila proteins, we observe
a separation of the rhabdomeres (compare Fig. 2C and D, Fig. S2).
This result conﬁrms the notion that the presence of both
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formation of the rhabdomere and potentially required for the
creation of the phototransduction compartment of ciliated photo-
receptor cells (Fig. 6).Fig. 2. The separation of rhabdomeres is aided by the presence of both human
Prominin1 and human Eyes Shut. (A–D) Transmission electron micrographs show-
ing cross-section through Drosophila ommatidium. (A) eyes shut (eys) mutan-
t—eys/eys, GMR-GAL4; þ/þ . (B) Expression of human Eyes Shut (hEYS) in an eys
mutant—eys/eys, GMR-GAL4; UAS-hEYS/þ . (C) eys, prom double mutant—eys,
prom/eys, prom, GMR-GAL4; þ/þ . (D) Double mutant rescue with hProm1 and
hEYS—eys, prom/eys, prom, GMR-GAL4; UAS-hProm1, UAS-hEYS/Hs-GAL4. Asterisks
indicate separated rhabdomeres. Scale bar, 1 mm.
Fig. 3. Conservation of N-glycosylation of Prominin molecules in photoreceptor cells. (A) Top
analysis of Drosophila S2 cells transfected with wildtype dProm or glycosylation sites
PNGase F. Protein was induced by transfecting cells with tubulin-GAL4 with UAS-dPro
additional sites for N-glycosylation than the ones mutated. (C) Western analysis of N-gl
or presence of PNGase F (GMR-GAL4/þ; UAS-rho-dprom/þ and GMR-GAL4/þ; UAS-rho-
UAS-rho-dprom and the UAS-rho-dprom1,2,3,4 transgenic lines (GMR-GAL4/þ; UAS-rh
expression levels of the UAS-hProm1 and the UAS-hProm11,2,3,4,5,6,7 transgenic lines (GM
antibodies used for the westerns are indicated in the ﬁgure.N-glycosylation of Prominin molecules is necessary
for localization
With the ability of hProm1 to substitute for dProm, we next
employed our functional assay to investigate the biological role of
the known structural features of Prominin molecules and whether
their role is conserved in the two types of photoreceptors.
The ﬁrst major feature is N-linked glycosylation. hProm1 is
N-gylcosylated in ciliated photoreceptors (Maw et al., 2000). To
assess the N-gylcosylation state of hProm1 when expressed in
rhabdomeric photoreceptors, we examined whether the protein
can be detected with the antibody mAb AC133 that speciﬁcally
recognizes a N-glycosylated form of the protein (Yin et al., 1997).
Fig. 1D and G demonstrates that mAb AC133 is binding to the
apical regions of the developing rhabdomeres, indicating that
hProm1 is N-glycosylated in rhabdomeric photoreceptors (see
also Fig. 3E). Like hProm1, dProm is predicted to be N-
glycosylated (Fig. 3A and Table S1). To evaluate the glycosylation
state of dProm, Drosophila S2 cells were transfected with dProm,
and the mobility of the protein was examined in the presence or
absence of PNGase F, an enzyme that removes any N-linked
glycans. Our data demonstrate that the mature protein runs
larger than the predicted size and PNGase F digestion reduces
the lower mobility smear to a single band (Fig. 3B), conﬁrming the
prediction that dProm is a glycoprotein. Furthermore, expression
of a single extracellular-tagged isoform (rho-dProm), with Pph13-
GAL4, in prom mutant photoreceptors rescues the mutant phe-
notype (Fig. 1L) and reproduces the N-glycosylation pattern as
seen in S2 cells (Fig. 3C).
To address the physiological function of N-glycosylation
we created transgenic insects expressing one of the two
N-glycosylation mutants hProm11,2,3,4,5,6,7 and dProm11,2,3,4 in
rhabdomeric photoreceptors; in each case the predicted N-
glycosylation sites have been mutated (Table S1). We screened
for the ability of each protein to localize properly. Immunoﬂuor-
escence staining demonstrates that neither form is present on the
apical tips of the developing microvilli but rather are locatedology of dProm and hProm1, showing the N-linked glycosylation sites. (B) Western
mutated dProm1,2,3,4 and cell extracts were treated in the absence or presence of
m or UAS-dProm1,2,3,4. Note dProm is N-glycosylated however probably contains
ycosylation patterns of rho-dProm and rho-dProm1,2,3,4 in vivo lines in the absence
dprom1,2,3,4/þ). (D) Western analysis of the in vivo protein expression levels of the
o-dprom/þ and GMR-GAL4/þ; UAS-rho-dprom1,2,3,4/þ). (E) The in vivo protein
R-GAL4/þ;UAS-hProm1/þ and GMR-GAL4/þ; UAS-hProm11,2,3,4,5,6,7/þ). Primary
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Furthermore, neither protein is capable of rescuing the Drosophila
prominin mutation (Fig. 4M and N) even though an equivalent
amount is detected (Fig. 3D and E). These results indicate that
N-glycosylation of Prominin is conserved and plays a critical
role in trafﬁcking to or retention on the developing microvillus
membrane.Prominin intracellular carboxy-terminal end is not required
for function
Prominin molecules are deﬁned by their two large extracel-
lular domains but also contain a variable intracellular carboxy-
domain. The function of the intracellular domain is not well
understood, and there is no sequence conservation between the
Drosophila and human forms and several different carboxy-
terminal isoforms exist for both (Jaszai et al., 2007). To test the
importance of this domain in photoreceptors, we generated GFP
tagged carboxy-terminal deletions in dProm and hProm1 and
asked if they could rescue the prom mutant phenotype. Surpris-
ingly, in both cases, the mutated protein localizes properly to the
apical regions of the growing microvilli (Fig. 4G–L) and Transi-
mission Electron Microscopy analysis indicates that separation
of the rhabdomeres and their structural integrity is normal
(Fig. 4O–P), suggesting the carboxy cytoplasmic tail is not
necessary for localization or function.
Mechanism of Prominin induced retinal degeneration is conserved
in rhabdomeric photoreceptors
Our data strongly indicate that the role of Prominin is
conserved between the two types of photoreceptors thus our
work in rhabdomeric photoreceptors would further permit the
investigation of the cellular mechanism responsible for human
ciliated retinal degeneration induced by Prominin speciﬁc muta-
tions. To test this prediction, we utilized a missense mutation
(R373C) in hProm1 (Fig. S3A). In a heterozygous condition
hProm1 (R373C) results in a form of macular degeneration in
humans and expression of this allele in a wild-type background in
mice results in a complete disruption of disc morphogenesis
(Yang et al., 2008). Nonetheless, how this protein induces degen-
eration is not clear. The mutated arginine is not conserved
between Prominin molecules, but we ﬁnd the spacing of the
extracellular cysteine residues with respect to each other and
with respect to the transmembrane domains to be preserved
between all of the proteins (Fig. S3A) thus the presence of an
additional site, R373C, may alter the structure of the protein.
When hProm1 (R373C) is expressed in rhabdomeric photo-
receptors there is an observed disruption of rhabdomere mor-
phogenesis (Fig. 5N) not observed with wildtype hProm1 (Fig. 5M
and Fig. S3B). This defect is not the result of mislocalization, since
the mutant protein is properly conﬁned to the apical membrane
at 48 h APF (Fig. 5A–C). Similarly, like the phenotype observed in
transgenic mice and manifested in the adult Drosophila photo-
receptor, by 84 h APF we observe a disruption of the organization
of the F-actin within the developing rhabdomeres (Fig. 5D–F).Fig. 4. Cellular role of structural features of Drosophila Prominin and human
Prominin1 are conserved in photoreceptor cells. (A–L) Immunoﬂuorescence localiza-
tion patterns of Prominin N-glycosylation mutants and carboxy-terminal deletions
(green) and F-actin (magenta) observed at 84 h APF. (A–C) dProm N-glycosylation
mutant in a prom mutant background—prom/prom; Pph13-GAL4/UAS-rho-
dprom1,2,3,4/þ . (D–F) hProm1 N-glycosylation mutant in a prom mutant back-
ground—prom/prom, GMR-GAL4; UAS-hProm11,2,3,4,5,6,7/þ . (G–I) dProm C-term-
inal deletion mutant in a prom mutant background—prom/prom; Pph13-GAL4/
UAS-dpromDC-GFP. (J—L) hProm1 C-deletion mutant in a prom mutant back-
ground—prom/prom, GMR-GAL4; UAS-hProm1DC-GFP/þ . (M—P) Transmission
electron micrographs showing cross-section through Drosophila ommatidium.
(M) dProm N-glycosylation mutant in a prom mutant background—prom/prom;
Pph13-GAL4/UAS-rho-dprom1,2,3,4. (N) hProm1 N-glycosylation mutant in a prom
mutant background—prom/prom, GMR-GAL4; UAS-hProm11,2,3,4,5,6,7/þ . (O) dProm
C-deletion mutant in a prom mutant background—prom/prom; Pph13-GAL4/UAS-
dpromDC-GFP. (P) hProm1 C-deletion mutant in a prom mutant background—-
prom/prom, GMR-GAL4; UAS-hProm1DC-GFP/þ . Arrows indicate the incomplete
separation between rhabdomeres. hProm11,2,3,4,5,6,7 was detected with mAb
80B258 (D, F) and rho-dProm1,2,3,4 with mAb B6-30N (A, C) The carboxy-terminal
deletions were detected with GFP (G, I and J, L). Scale bar, 1 mm.
J. Nie et al. / Developmental Biology 371 (2012) 312–320 317Even though in the absence of wildtype protein hProm1 (R373C)
localizes to the apical surface (Fig. 5G–L) it is not capable of
rescuing the Drosophila prom mutant (Fig. 5O). Nonetheless, are
our phenotypic observations due to overexpression of a Prominin
molecule or inherent in the mutant form of the protein? Our
results suggest the latter. First, overexpression of similar amounts
of wildtype hProm1 does not induce defects in rhabdomeremorphogenesis (Fig. 5M and Fig. S3B). Second, early and over-
expression of dProm does result in split rhabdomeres but the
integrity of the rhabdomere is still intact (compare Fig. 5N with
Fig. S3C and D); the overexpression of hProm1 (R373C) leads to
qualitative disruption of the rhabdomere structure and organiza-
tion. Third, the dProm overexpression phenotype is very similar
to the early expression phenotype of dEYS (Zelhof et al., 2006).
Since dProm and dEYS both function as anti-adhesive molecules
in Drosophila photoreceptor morphogenesis (Zelhof et al., 2006),
the early and overexpression of either molecule with GMR-GAL4
overcomes the Chaoptin-dependent adhesive force among the
microvilli and therefore splitting the rhabdomeres. Furthermore,
the split rhabdomeres is dependent upon wildtype dProm activ-
ity; the hProm1 (R373C) does not retain any wildtype function
(Fig. 5O). Thus our in vivo analysis of the hProm1 (R373C)
demonstrates that the mutation acts as a null mutation but in
the presence of wildtype protein induces a novel mutant pheno-
type, similar to but clearly not a stereotypical dominant negative
effect.Discussion
Localization to membrane protrusions is an ancestral feature
of Prominin
In vertebrates, Prominin1 is exclusively found in membrane
protrusions such as microvilli, primary cilia, and midbodies. Thus,
the ﬁnding that human Prominin1 has the ability to localize to the
microvilli of the rhabdomere is not unexpected. In addition,
consistent with our previous characterization of the Drosophila
prom mutant, Prominin is not required for generating the mem-
brane extensions. However, our results in Drosophila suggest the
targeting of Prominin to membrane protrusion is direct and
stable. Since the apical surface of Drosophila photoreceptors has
distinct planar membrane regions, the stalk region, and regions of
microvilli, the rhabdomere, permitted an examination of the
detailed temporal and subcellular localization of Prominin. At
48 h APF the apical surface of the photoreceptor membrane only
consists of membrane protrusions (Zelhof and Hardy, 2004) and
as such both dProm and hProm1 localize along the entire surface
(Fig. S4A–F). Nevertheless clearly by 84 h APF when there are two
distinct regions of the apical membrane, Prominin is restricted
to the microvilli and we never observe transient localization
to the stalk membrane. In addition, immunogold electron micro-
scopy studies revealed that in epithelial cells, mammalian Promi-
nin1 appears to be concentrated at the very apical portion of the
protruding structures, and is very rarely detected at inter-protrusion
plasma membranes (Corbeil et al., 1999; Dubreuil et al., 2007;
Fargeas et al., 2004; Weigmann et al., 1997). In agreement with
these immunogold labeling studies, our immunoﬂuorescence data
in Drosophila photoreceptors demonstrate that both PromininFig. 5. Shared cellular mechanisms of Prominin induced retinal degeneration
in rhabdomeric photoreceptor cells. (A–L) Immunoﬂuorescence localization pattern
of human Prominin1(R373C) (hProm1R373C) mutant (green) and F-actin
(magenta) observed at 48 h APF (A–C, G–I) and 84 h APF (D–F, J–L) in (A–F)
wildtype photoreceptor cells—GMR-GAL4/þ; UAS-hProm1R373C/þ and (G–L) in
prom mutant photoreceptor cells—prom/prom, GMR-GAL4; UAS-hProm1R373C/þ .
(M–O) Transmission electron micrographs showing cross-section through Droso-
phila ommatidium. (M) Expression of hProm1 in wildtype photoreceptors—GMR-
GAL4/þ; UAS-hProm1/þ . (N) Expression of hProm1R373C mutant in wildtype
photoreceptors—GMR-GAL4/þ; UAS-hProm1R373C/þ . (O) Expression of
hProm1R373C in prom mutant photoreceptors—prom/prom, GMR-GAL4; UAS-
hProm1R373C/þ . Note the severe disorganization of the rhabdomeres in the
presence of hProm1R373C only in a wildtype background. Arrows indicate the
incomplete separation between rhabdomeres. hProm1R373C was detected with
mAb AC133. Scale bar, 1 mm.
Fig. 6. Model and cellular role of Prominin and Eyes Shut molecules in photoreceptor cells. In both fundamental types of photoreceptor cells, our results would suggest the
interaction between Prominin and EYS prevents unwarranted contacts between adjacent membrane protrusions and provides structural integrity to the rhabdomeres and
membrane discs.
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basal portion or the inter-microvilli plasma membranes. The loca-
lization pattern is quite unique as compared to another rhabdomeric
speciﬁc transmembrane protein, Rhodopsin. Rhodopsin, like dProm
is targeted directly to the rhabdomere microvilli but upon entry is
found throughout the entire structure (Li et al., 2007; Satoh et al.,
2005).
As such an important question is how this unique localization
is accomplished and retained? In Drosophila photoreceptors, there
is no known physical obstruction (e.g. adherens junction)
between the microvilli membrane and the stalk membrane to
prevent membrane proteins from diffusing from the microvilli to
the stalk membrane. And in fact, the phototransduction molecule
TRPL, upon light stimulation translocates from the rhabdomere to
the stalk membrane before entering the cytoplasm (Lieu et al.,
2012). Thus our results suggest that the protrusion-speciﬁc
localization of Prominin molecules is not dependent on an
occluding mechanism. This result is consistent with previous
observations that mammalian Prominin1 remains localized to
the membrane protrusions even when a functional tight junction
is lost in neuroepithelial cells in neural tube stage (Weigmann
et al., 1997) and in transfected MDCK cells cultured in low-
calcium medium (Corbeil et al., 1999).
A complete understanding of the mechanism for the restric-
tion or afﬁnity of Prominin to the membrane protrusions remains
obscure, although an interaction between human Prominin1 and
actin, a major component of microvilli, has been demonstrated
(Yang et al., 2008). However, whatever the mechanism is, it is
unlikely to be relevant to any function of the intracellular
carboxy-terminal tail. As mentioned, the carboxy terminus is
not conserved between dProm and hProm1 but it has been
reported that some Prom1 isoforms contain a PDZ-binding
domain (Fargeas et al., 2007), which could potentially interact
with other components in the cell and therefore contribute to the
correct localization or function of Prominin proteins. However,
our results here and that of others (Corbeil et al., 1999) demon-
strate that the truncations of this cytoplasmic domain do not
affect its correct localization. More importantly, our in vivo
functional assay reveals that the deletion of this domain has no
detectable affect on Prominin function.
A second possibility is N-glycosylation and/or an interaction
with the extracellular matrix is responsible for localization ofProminin. With respect to N-glycosylation our results do demon-
strate that this post-translation modiﬁcation is essential for
function and localization. Nonetheless, our results do not distin-
guish between the possibilities that the failure to appear on the
apical surface is a defect in cellular trafﬁcking or retention in the
microvilli. As for being stabilized to the tips of the microvilli, an
interaction with the extracellular matrix may be responsible
given the conserved genetic interaction between Prominin and
EYS. However, in the absence of dEYS, dProm still demonstrates
correct localization (Fig. S4G–L). Lastly, but not tested in this
study, Prominin retention could be accomplished by association
with a cholesterol-based membrane microdomain (Roper et al.,
2000) but again the mechanism of this interaction is not known
(Corbeil et al., 2010). Overall, given the limited sequence similar-
ity between the proteins, our results suggest that Prominin’s
afﬁnity and the underlying targeting and retention mechanism to
membrane projections is something inherent in the structure of
the protein versus an identiﬁable protein motif that has been
maintained over evolutionary time.
Conserved cellular mechanisms of Prominin in promoting
photoreceptor form
An understanding of eye evolution is no longer limited to
morphological comparisons between visual systems but has
advanced to deﬁning the transcriptional signatures required for
speciﬁcation of the different cell types involved in each system
(Arendt, 2008). Our results demonstrate that cell homology
between the two types of photoreceptor cells extends beyond
transcriptional regulation. By examining the role of Prominin, as
compared to molecules implicated in establishing cellular apical/
basal polarity (Bulgakova and Knust, 2009; Izaddoost et al., 2002;
Pellikka et al., 2002), our results demonstrate that both photo-
receptor cell types have co-opted Prominin function to generate
their respective phototransduction compartments. Nevertheless
this result alone would not suggest a shared progenitor but the
existence of a common genetic interaction between Prominin and
EYS strengthens the idea that photoreceptors have arisen from a
common ancestor. Our data do not simply demonstrate that
the human homologs can replace the Drosophila proteins in
rhabdomeric photoreceptor cells but rather a functional interac-
tion between the two has been maintained over evolutionary
J. Nie et al. / Developmental Biology 371 (2012) 312–320 319time scale; hEYS only functions correctly in rhabdomeric photo-
receptors in the presence of hProm1. Knowing the functional
interaction may extend to a common ancestor, we now have
the capability to explore how differences between Prominin and
EYS protein structure evolved with the different adaptations
seen in each photoreceptor type and assay how the changes
contribute to the structural and organizational diversity in visual
systems.
Furthermore, our results reveal that we now have an invalu-
able entry point to understand and model the disease mechan-
isms associated with both hProm1 and hEYS in Drosophila. When
a mutant form of hProm1 was expressed in rhabdomeric photo-
receptor cells, we could phenocopy the disruption in morphogen-
esis as observed in ciliated photoreceptors. In addition, the
genetic amenability of Drosophila validated that the hProm1
(R373C) requires wildtype Prominin to be present and in the
absence of wildtype protein hProm1 (R373C) acts as a genetic null
even though it localizes correctly to the apical surface. Overall,
our ﬁndings suggest and lead to testable hypotheses that in both
fundamental types of photoreceptors the interaction between
Prominin and EYS models membrane protrusions, prevents
unwarranted contacts between adjacent membrane protrusions,
and promotes structural integrity to the rhabdomeres and mem-
brane discs (Fig. 6).Acknowledgments
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